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Customers tend to have various needs, desires, and manufacturers are looking for ways to 
respond to these multiple needs efficiently and effectively. They try to offer their customers 
multiple products with the shortest delivery time and minimum cost while maintaining 
customers’ desired quality. One of the strategies that help manufacturers meet their 
customers' needs is customization. However, to manage this strategy's downsides, 
manufacturers need to maintain a particular variety level to reduce production costs and 
time.   
There are many methodologies to manage the variety. One of the most important ones is 
creating product families, that is possible to form through many different approaches; From 
considering BOM to process sequences. This research believes "value stream" is an 
effective means to form product families.  
This thesis, studies different family forming methodologies, and moves through 
investigating the value stream map of some products, then forms the families within a case 
study. Manufacturing data was collected from the past year and it was processed by process 
flow analysis, value stream maps and rank order clustering methods. Then, this research 
recognized the variants and calculated the similarity and volume coefficients to form 
product families. Finally, learning curve analysis evaluated the results of formed product 
families. The formed product families can help the manufacturer reduce waiting times and 
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- Ca, b: Jaccard coefficient between variant "a" and variant "b." 
- e: the similar operations in variants "a" and "b." 
- f: the operations that are in variant "a" but not in variant "b." 
- g: is the operations that are in variant "b" but not in the variant "a." 
- D a, b: volume similarity coefficient between a and b 
- da: volume of variant a 
- db: volume of variant b 
- dmax: maximum volume throughout the whole variants 


















1.1. Research Motivation 
In recent years, people tend to have their products as they wish, in size, colour, function, 
design, features, and more. In response to this demand, manufacturers produce various 
products to guarantee their market share, customer satisfaction, and loyalty. While 
customers are content with this trend globally, there are many downsides for the 
manufacturers and the resources they have to use. Manufacturing companies are changing 
their mass production strategies to flexible, reconfigurable, and mass-customized 
manufacturing strategies. They have taken mass customization approaches to satisfy their 
customers and be fiercely competitive to survive in the ever-changing markets. (ElMaraghy 
et al., 2013) 
Nevertheless, the fact is that variety is not always the optimum solution. Giving customers 
a variety of products may confuse them due to differentiation in product variants. Hence, 
there should be a decent number of variants that meet customers’ needs and brings 
satisfaction. In other words, companies should provide their customers with the value they 
expect within a certain amount of product variants. (ElMaraghy et al., 2013) 
Product variety can create the opportunity to increase the revenue, which is not thoroughly 
promising unless the manufacturer can manage variety in all aspects, from design to 




on the spectrum of design to manufacturing or from parts to market. Figure 1 illustrates 
prevailing variety management strategies. 
 
Figure 1. Variety Management Strategies (ElMaraghy et al., 2013) 
Much research focused on the strategies mentioned above, and many approaches can 
deliver these strategies. There is sufficient attention toward product grouping to manage 
complexity and enhance flexibility in manufacturing. Furthermore, there are some 




ElMaraghy, 2017), networked operations sequence (Navaei & ElMaraghy, 2016), 
matching Bill of Material trees (Kashkoush & ElMaraghy, 2016), alternate machines for 
each operation (Navaei & ElMaraghy, 2014) and making product portfolios based on 
customer value (Rebentisch, Schuh, Riesener, Gerlach, & Zeller, 2016). According to 
Groover (2019), many researchers use "Process Flow Analysis" and "Rank Order 
Clustering" as tools for the applied methodologies in any grouping.   
This research, in the beginning, can assume that product grouping based on Value Stream 
Map (VSM) is another approach that connects lean manufacturing concepts with product 
variety management strategies. In this approach, product value streams would be 
considered the preliminary methodology to categorize the products. The similarity between 
either different process sequences or product features would play a significant role. 
The customers are willing to pay for what is valuable for them; therefore, value stream 
mapping could help distinguish the added value from wastes in process steps. In this 
research, the products will be grouped based on their process routing, value-added tasks, 
cycle times, product features and process sequences. By this methodology, one would have 
more standardized products in terms of design and process. When the products are 
standardized, variations of parts, designs, and processes are standardized. The machines 
and tools to run the operations are specified and limited. This grouping's ultimate goal is 
to improve manufacturing flexibility and decrease the production line's complexity, which 























1.2. Statement of Engineering Problem 
The main problem is to manage product variety, which leads to high costs and customer 
confusion when it gets more than an optimum point. This research thoroughly observes the 
manufacturing process based on Process Flow Analysis matrix of the products made and 
then checks the value stream of each product. It uses products with highest production 
volumes to manage manufacturing capacity and improve production flexibility.  
1.3. Research Objectives 
This research investigates product variety management via product categorization using 
data contained in their value streams. Previous research categorized products into family 
groups based on similarities solely in parts, manufacturing processes or machines used to 
produce the product. Their primary focus was on either product design or its manufacturing 
process. However, this methodology can focus on different factors for grouping product 
families simultaneously. 
The purpose of value stream maps is usually to eliminate waste and improve manufacturing 
to its optimum capacity and flexibility. Value streams focus on adding value to the 
customer experience through analysis of production volume, process sequence, cycle time, 
waiting time, change over time, cell turnover time, work in process, number of operators 
in workstation, and more. By implementing value stream maps, one can take both design 
and process into account for grouping the products. This research will take production 
volume, process similarity, operation time in bottlenecks and product features as primary 




Investigations and solutions will lead to product families in which the complexity is better 
addressed and managed. It is evident that the more variety a product has, the more 
manufacturing complexity there is to manage. Another benefit of managing variety is more 
organized manufacturing operations within system flexibility. All resources would be 
utilized efficiently, and production costs would decrease due to reducing the variety.  
This research will also observe the learning curve to validate its results. Grouping the 
products into families with the same process routing and having a steeper learning curve 
would show that the grouping was done correctly, which means products in the same family 
should generally be manufactured in shorter cycle times over time.   
1.4. Scope of Research 
The scope and the boundaries of this research are as below: 
- The data used is specifically related to products that are manufactured using same 
machines and technology. 
- The data will be collected from the last 12-month manufacturing. 
- All products are produced in the same plant so that the environmental elements are 
the same. 
-      Production orders are engineered and manufactured thoroughly based on 
customer requirements, so there is no consistency in manufacturing one product.  
- Value stream mapping will be defined based on the same rules for all products. 





1.5. Research Hypothesis 
The main hypothesis of this research is that VSM is an excellent methodology to create 
product families. Also, learning curve analysis would be an appropriate approach to 
evaluating product grouping quality based on VSM. 
1.6. Research Tools 
Several tools and approaches are used in this research. To better understand its path, this 
research uses (IDEF0) and illustrates the details needed to follow to arrive at a meaningful 
conclusion. It also uses Production Flow Analysis and Value Stream Maps to identify the 
manufacturing routing for each product followed by development of learning curves to 
validate the precision of the formed families. 
1.7. Thesis Structure 
This research includes five chapters starting with this introduction. The second chapter 
reviews published literature related to conducting this research. It discusses complexity, 
grouping, value stream mapping, product variety, flexibility, and learning curve. Chapter 
two is concluded with identification of the research gap. The third chapter presents the 
research methodology used. It presents IDEF0 modelling technique, value stream mapping, 
and relevant mathematical calculations. Chapter four shows the results of all calculations 
and drawings. Moreover, this chapter includes a discussion of a case study. Chapter five 






CHAPTER 2-LITERATURE REVIEW 
2.1. Overview 
This chapter reviews published literature of previous research in this area. It contains seven 
sections in which the research subject be reviewed. All keywords of this research are first 
checked in the CIRP Encyclopedia of Engineering for a clear vision. Then the rest of the 
academic and industrial papers are investigated.  The second section of this chapter reviews 
the product variety concept, managing product variety, strategies, and methodologies. The 
third section surveys the literature about flexibility and complexity in manufacturing 
systems and their relationship with variety. The fourth section considers product families 
and platforms and their impact on manufacturing flexibility or complexity. The fifth section 
reviews the terms value stream mapping and learning curve, which are this research tools. 
The sixth section of this chapter explores the research gap based on previous academic 
research. Finally, the seventh and last section of this chapter summarizes conclusions from 
all the topics mentioned earlier 
2.2. Product Variety 
Product variety was one of the strategies which showed up after Henry Ford's famous 
statement of "Any Color, as long as it is black." Many automotive industry producers 
decided to take the opposite strategy and make their products diverse and various. For 
example, General Motors CEO Alfred P. Sloan made the statement "a car for every purse 
and purpose," which began a trend in the automotive industry and was finally demonstrated 





Figure 3.Variety and evolution of Manufacturing system paradigms (ElMaraghy et al., 2013) 
The focus on product variety became severely critical when mass customization and 
personalization became widespread among the manufacturers (Tseng, Wang, & Jiao, 
2019). 
 
Figure 4. Mass Customization (Tseng, Wang, & Jiao, 2019) 
According to ElMaraghy et al. (2013), product variations are created to meet various 




different things of a particular class of the same general kind. Variant is an instance of a 
class that exhibits usually slight differences from the common type or norm." Other 
researchers divide variety into different categories. As MacDuffie, Sethuraman, & Fisher 
(1996) mentioned in their research, product variety refers to the depth and breadth of the 
customers' product or service variation. It has three levels of Fundamental (which differs 
in design, fabrication and model), Intermediate (which differs in assembly stage) and 
Peripheral (which differs in accessories, distribution and sales stage). 
According to ElMaraghy et al. (2013), "variety is not always good."  because it increases 
the variety level in manufacturing companies introduces challenges like excessive 
complexity of engineering procedures as identified by (Milgate, 2001) and (Jiao J. , Tseng, 
Ma, & Zou, 2000),  and demand for large investments in design and validation of new parts 
and components. High variety in design, planning or manufacturing may increase the 
overhead costs and reduce revenues (Patel & Jayaram, 2013). Some research show 
decrease in performance of different processes as the variety level increases leading to 
increases in labor hours and material consumption, complexity in facility utilization and 
information system, increased costs of delivery systems and inventory. (Syam & 
Bhatnagar, 2015) 
The more variety a production has, the more confusion it may cause to the customer. 
However, customer demand is the cause of this variation (Wan, Evers, & Dresner, 2012). 
This tremendous amount of variety is now overwhelming for many customers who have a 
wide range of products and services to choose from. There is a choice paradox on a broader 




costs will be higher for the customized and personalized products. Therefore, studies show 
that variety could be demotivating for customers in purchasing (Yun-Chia, Hsieh, & Hung-
Chang, 2017). 
To manage the variety, manufacturers can follow many strategies and approaches. 
Different measures can be taken according to where variety is happening. Figure 5 shows 
different product variety management strategies. 
 
Figure 5. Product Variety Management Strategy map (ElMaraghy et al., 2013) 
This research will investigate the variation in the levels of parts and products. Figure 6 
shows the bibliometric analysis of product variety, revealing the relationships between 
research keywords shown in bold letters. Also, the density of lines and dots shows more 





Figure 6. Product Variety bibliometric analysis 
2.3. Flexibility and Complexity in Manufacturing 
To satisfy the customers' intensely diversified ambitions, manufacturers need to have a 
very flexible manufacturing process (Um, Lyons, Lam, Cheng, & Dominguez-Pery, 2017). 
Also, product grouping leads to a more flexible manufacturing system and disentangle the 
manufacturing complexity.  
2.3.1. Flexible manufacturing and flexibility in manufacturing 
According to the CIRP Encyclopedia of Engineering, a flexible manufacturing system 
(FMS) is completely integrated and controlled by computers over the system, from 
machines to material handling. FMS accommodates the characteristics of both flexibility 
of small job shops and high amount of production in Mass production systems. Flexible 




agile in responding to demands for product variation by increasing the number of variants 
and decreasing production volumes (ElMaraghy & Caggiano, 2019). 
Flexibility is an important characteristic that enables manufacturers to build product 
variants (ElMaraghy H. , 2006). According to Simchi-Levi (2013), flexibility is the crucial 
enabler for the operation. It can be applied to the system, process and product design. 
Process flexibility is one of the main outputs of Lean Manufacturing and is basically 
achieved by workers cross training the workers. In other words, to respond to market 
demand, a company should increase their level of responsiveness and flexibility (Ramdas, 
2003). In figure 7, you can see the relationship between product variety and responsiveness.  
 







Figure 8 illustrates the bibliographic analysis of flexible manufacturing: 
 
 
Figure 8.Flexible Manufacturing bibliographic analysis 
2.3.2. Manufacturing complexity 
According to the CIRP, more components and more relationships between components 
make a system more complex (ElMaraghy.W, ElMaraghy.H, Tomiyama, & Monostori, 
2012). Complex systems are open systems that follow entropy rules and may face chaotic 
behavior. Figure 9 shows different sources of complexity in product, process, social and 





Figure 9.Drivers of Manufacturing Complexity (ElMaraghy.W, ElMaraghy.H, Tomiyama, & Monostori, 
2012) 
As it is evident in figure 10, one of the drivers of complexity is variety. In other words, it 
is one of the dynamic elements which makes the physical domain more complex, and 
complexity is related to part, product, system and system of system (ElMaraghy.W, 
ElMaraghy.H, Tomiyama, & Monostori, 2012). 
 
Figure 10.Classification of dynamic and static elements in physical complexity (ElMaraghy.W, 
ElMaraghy.H, Tomiyama, & Monostori, 2012) 
When it comes to manufacturing system complexity, the key parameters are engineered 




the variety and its uncertainty or from having insufficient information. When the variety 
increases, the information will increase as well, which may cause some unexpected 
behaviors in the system (ElMaraghy , Kuzgunkaya, & Urbanic, 2005). 
In addition to the volume of information and its processing, complexity will increase the 
need for tools, work cells and the floor space to accomplish them (Fisher & Ittner, 1999). 
In complex systems, scheduling is more complicated because of inventory, safety stock, 
reordering points and decision-making challenges (Bozarth, Warsing, Flynn, & Flynn, 
2009). 
Researchers note that when the number and complexity of the parts increase, the quality 
will decrease, and direct labor escalates as the workers need to work with a more significant 
number of parts (MacDuffie, Sethuraman, & Fisher, 1996). Moreover, when part variety 
grows higher, the process variety also increases since more work is needed to manage 
product variants' alternatives (Zhang, Chen, & Tseng, 2005). 
2.4. Product Families and Platforms 
2.4.1. Product families 
If one is looking for efficiency in producing different variants, they should group the 
products into product families. Families can be formed based on derivatives in function, 
form, and configuration. They include several products with different functions or 
components with different configurations or several features with different characteristics. 
By grouping products into different families, manufacturers would manage their variety, 




same engineering design, processes, knowledge, or materials to be produced (ElMaraghy 
H. et al., 2013). 
 
Figure 11.Product Family Grouping (Adapted from (Windchill Help Center – 12.0.0.0) 
There are three basic levels of a product family: Design, Planning and manufacturing 
(ElMaraghy et al., 2013). One can focus on grouping from different aspects in each of these 
levels, like product features, design similarity, product similarity, machines, bill of 
material, parts, and more. According to Groover (2019), Some manufacturing attributes 
that can define product groups are: 
1- major processes, 
2- minor operations, 
3- operation sequences, 
4- machine tools, 
5- product cycle times, 
6- batch sizes, 
7- annual productions, 
8- fixture requirements, 












This part is going to take a closer look at some research about product families. According 
to Navaei & ElMaraghy (2017) and Braglia, Gabbrielli, & Marrazzini (2020), products can 
be placed into one family based on the machine setup similarity. Figure 12 shows product 
families designed based on machine setup similarity. 
 
Figure 12.Grouping of product variants into setup families (Braglia, Gabbrielli, & Marrazzini, 2020) 
Another method is the networked operation sequence. In this method, process sequences 
are the crucial factors, and production sequence for each variant is written down; then, 
products are grouped based on similarity of the sequence.. Figure 13 shows the process 
sequence illustration for different products.  
 
Figure 13. Product grouping based on Process Sequence (Navaei & ElMaraghy, 2016) 
When considering the bill of material (BOM), it becomes easy to understand the product 




In this methodology, all components of a product are listed in its BOM, and then the 
products with similar BOMs are grouped in the same family (Kashkoush & ElMaraghy, 
2016). Figure 14 shows product categorization based on BOM. 
 
Figure 14. Product Families based on BOM (Kashkoush & ElMaraghy, 2016)  
Another family grouping method is based on the alternate machine for each operation. In 
this method, product variants are categorized based on their probable usage of the same 
machines in their manufacturing process (Navaei & ElMaraghy, 2014). Figure 15 shows 
part machine matrix to form product families. 
 




2.4.2. Product and process platforms 
So far, this research showed that product families are common in parts, features, modules, 
or production processes (Simpson, Jiao, Siddique, & Hölttä-Otto, 2014). While the product 
family has a precise definition, defining product platforms is not that simple. According to 
Meyer & Lehnerd (1997), a product platform is a group of similar components, modules 
or parts that can form a set of efficient derivative products. A broader definition for product 
platforms given by Robertson & Ulrich (1998), defines a product platform as a collection 
of components, processes, knowledge, people and relationships common in a series of 
products. Harland & Uddin (2014) define product platforms as a group of parts or modules 
common in several products, and these commonalities are intentionally developed to create 
value for customers. According to Jiao and Tseng (2004), product platform is the product 
base, and products families can assort designs to satisfy customer needs. 
Process platforms take design parameters as input, and their output is process variables. 
They create master production plans, manage purchase orders and make components and 
assemble them. (Simpson, Jiao, Siddique, & Hölttä-Otto, 2014). The advantage of process 
platforms is the ability to benefit from the available capabilities and use repetition in 
production planning advantageously (Wiendahl et al., 2007). Production processes that 
correspond with product platforms can be established as a process platform and then can 
form bills of operation or standard routing. Therefore, they make it facilitated to engineer-






2.5. Value Stream Mapping and Learning Curve  
2.5.1. Value stream mapping 
According to CIRP, Lean Manufacturing was first originated from Toyota after WWII; it 
was called the Toyota Production System (TPS) at the beginning, then in 1990, the concept 
was introduced as Lean Manufacturing. Lean Manufacturing is not only a production 
system but also a holistic mindset in opposition to mass production principles (Reinhart , 
Greitemann, & Niehues, 2019). 
Value stream mapping is a methodology for production and design analysis, focusing on 
the customer and their definition of value. This methodology helps to reveal the sources 
which create wastes and have a smooth process flow (Reinhart , Greitemann, & Niehues, 
2019). 
Usually, value stream mapping is a tool that is used for improvement purposes and 
eliminating wastes. First, one draws all the current material and information, and after 
finding the improvement points, the future state map is drawn (Roh, Kunz, & Wegener, 
2019). 
The concept of value stream mapping revolves around three main types of activities that 
impact the customer perspective of the value of the final product. Lean professionals 
believe that the tasks that transform the product to what the customer desires are value 
added. The tasks that are not adding value but are necessary are necessary-non-value-added 




it, they are called non- value added (NVA) (Browning & Heath , 2008). Figure 16 shows 
an example of value stream map. 
 
Figure 16. Sample of Value Stream Map 
Value-added activities are the ones that change the raw material, parts or information to 
the products or services that the customer wants (Goncalves, 2018). The added value is the 
value that adds up to the original value of something over and above in the process of 
manufacturing or service creation (“Corporate finance institute,” n.d.). Value stream maps 
manifest the value stream in a production process, the material or information flow and the 
potential waste on the shop floor. (Rother & Shook, 1999.) There are different types of 
value stream that focus on the particular purposes listed below (Hines, Rich, Bicheno, 





- "process activity mapping, 
- supply chain response matrix, 
- production variety funnel, 
- quality filter mapping, 
- demand amplification mapping, 
- decision point analysis, 
- physical structure mapping." 
According to Rüttimann (2018), value stream maps show a medium aggregation level 
while other process mapping tools, reveal either the relationships of input-process-output 
or the details of activities in each working cell. The VSM follows these main components: 
- customer demand and its requirement like expected delivery time, 
- manufacturing process sequences, 
- supply modes and characteristic, 
- production planning information. 
These components are shown in more details in the terms below: 
- manufacturing bottlenecks and their effect on the throughput, 
- work in process, 
- on time delivery and customer requirements, 
- process lead time for each product, 
- cell turnover,  




This research uses some of these components to form product families. Chapter 3 discusses 
this research methodology in more detail.   
2.5.2. Learning curve 
According to CIRP, Learning Curves are used to reveal cost reduction after increasing 
production numbers over time. In other words, when labor experience in manufacturing 
increases, the time and cost of production decrease (Westkämper, 2019). 
 
Figure 17. Learning Curve (Westkämper, 2019) 
As mass customization becomes a strategy for many manufacturers, assembly lines support 
the flexibility needed to do the customization. When assembly lines are manual, the role of 
operators is more significant. They have to multitask and operate different jobs in their 
work cells, and on-job training becomes a means of empowering the operators and equip 
them with different skill sets (Hoedt, Claeys, Aghezzaf , & Cottyn, 2020). 
Some researchers believe that one indicator to see the operators' level of experience is the 
cycle time to finish their jobs. This concept was first introduced in 1936 when researchers 
observed when the number of manufactured goods increases and the operators learn how 




By reviewing the literature and purpose of learning curves, this research concludes that if 
the product families are developed right, the production time within a family should 
decrease over time. This a validation method for evaluating the quality of the product 
groups. 
2.6. Research Gap 
As it went through this chapter, it was evident that considerable research has been done on 
Product variety management, its pros and cons and the reasons why variety should be 
managed. Much research has been done to suggest solutions for managing the product 
variety and finding the optimum point in the number of variants. The most practical 
solution to manage product variety is forming product families and grouping products 
according to (ElMaraghy et al., 2013). However, the problem is that some methodologies 
that suggest forming product families do not look at other factors. Value stream mapping 
is one of the methods which is not much considered in the research. Based on the material 
presented in this chapter, the research gap can be summarized as shown in table below.  
Table 1.Research Gap Summary 























Navaei & ElMaraghy 2017 Machine Setup Similarity 
Braglia et al. 2020 Machine Setup Similarity 
Kashkoush & ElMaraghy 2016 Bill of Material 

















 Navaei & ElMaraghy 2016 Networked Operation Sequence 





This chapter reviewed the research about product variety, flexible manufacturing, 
flexibility and complexity in manufacturing, product families, the grouping of the products, 
value stream mapping and learning curves. The findings show a gap in product grouping 
by value stream mapping context, and validation of the results by checking the learning 















CHAPTER 3-RESEARCH METHODOLOGY 
3.1. Overview 
As mentioned in previous chapters, in today's market, companies should be remarkably 
rapid in their responsiveness to their customers' ever-changing requirements and provide 
them with what they wish. However, this flexibility comes with a cost. They need to 
manage their overhead costs to engineer and produce the product variants; also, they have 
to be ready to deal with the uncertainty of customer choices. There is exhaustive research 
in the domain of mass customization and product variety management to keep this variation 
at an optimum point, where the companies have to deal with the minimum uncertainty and 
be confident about their costs and profits while customers get their needs met and feel 
satisfied. As mentioned in the research gap in chapter two, although there is much research 
in this area, there is insufficient focus on managing the variety by value stream mapping. 
The connection between lean manufacturing and product variety management was almost 
neglected in the research. The existing research focuses on the importance of variety 
management and the methodologies developed focused mainly on BOM and the 
manufacturing or assembly processes. This research will consider the process sequences, 










Manufacturers are looking for strategies and approaches to meet their customers' needs. 
Companies need to be responsive to their customers while taking care of their 
remunerations and increasing their profits. Moreover, many studies explain the strategies 
and methodologies to assist manufacturers in doing so. There is a relationship between 
responsiveness and customization, in which the manufacturing strategies are placed in a 
spectrum.  
 
Figure 18.Relationship between customization and responsiveness adopted from (Meredith & Akinc, 2007) 
 
In Engineer-to-Order, the customization level is the highest. The producer takes the 
customers' specifications, the products are fully customized, the responsiveness rate is low, 



















Whether the strategy is engineer-to-order or mass production, there is a massive variation 
of offered products (Meredith & Akinc, 2007), which needs to be managed. When variety 
increases, operational complexity and costs will increase (MacDuffie, Sethuraman, & 
Fisher, 1996). 
With regards to internal and external factors, companies may choose different strategies to 
manage the variety. Internal factors are design, planning, production process, machinery, 
bill of material. External factors include market, enterprise, product and parts (ElMaraghy 
et al., 2013). 
As was mentioned in chapter two, creating product families is a solution to manage the 
product variety to find the optimum point in customization and profitability. It helps the 
manufacturer save time and effort, and the layout of production equipment and 
manufacturing processes are set accordingly leading to more flexibility in production 
(Alhawari, Süer, & Bhutta, 2021). Moreover, there are many methodologies to create 
product families in different manufacturing strategies, and any company can choose their 
method based on their requirements, capacities, flexibility and complexity in 
manufacturing. Some researchers focus on external elements, while others focus on internal 
elements or other methods.   
This research first focuses on the similarity in the production process or similarity in 
design; maps all the production sequences. Then draws the Production Flow Analysis 
(PFA) matrix for all the products produced with particular machines during the last year. 
Then it looks through the value stream map to find out production volumes, bottlenecks, 
cycle times and product features that reveal themselves in process sequences to find out 




Then analyses the learning curve in the last step to see if this grouping is effective. Figure 
19 illustrates the steps of this research methodology.  
 
Figure 19.Research Methodology 
 
3.3. Research Methodology 
Figure 20 illustrates the research methodology flowchart in more detail. It reveals all the 
steps that this research will take to get to the final result.  
 
Choosing a certain technology with which the 
products are bulit
Considering the products that are produced within 
the last year
Investigation on manufacturing process steps
Drawing PFA Matrix and clustering the products 
based on ROC methodology
Grouping Product Families based on value stream 
map









A comprehensive overview of the problem is illustrated using IDEF0 tool. 
3.3.1. IDEF0 
The ICAM Definition for Function Modeling (IDEF) is an approach that identifies inputs, 







The inputs for this research problem are: 
1. the manufacturing Technology (WET and VPI)1, 
2. sales orders (includes the specifications which customer demands, time of order, 
time to deliver), 
3. number of packages of cable winded around each coil, 
4. quantity of each order (how many of each product has been ordered),  
5. production Date (When each production has been launched into the production 
line), 
6. list of workstations (what workstations were active during the production of this 
particular product), 
 
1 Wet and VPI process main difference is in type of resin application. In Wet process resin is dripped on 











7. cycle Time of each workstation (how much time is spent processing this product). 
The mechanisms or tools used for this problem are: 
1- SAP (Systems, Applications and Products in Data Processing), 
2- Microsoft Excel (This tool is used to analyze the data taken from SAP), 
3- Value Stream Mapping, 
4- Learning Curve. 
The constraints for this problem are: 
1- various processes in product assembly may confuse calculations, 
2- process similarity level makes it complicated to define product families. 
Moreover, the final outputs are: 
1- product variants, 
2- product families. 


















3.4. Case Study 
This research was conducted at Trench Limited Canada, a division of Trench Group. 
Trench designs and manufactures transmission equipment for high voltage electric power 
with worldwide customer base. t. Its product portfolio contains bushings, transformers and 
coils. Tony Trench founded this company in 1960 by developing an air core reactor coil. 
In 2004, Siemens bought Trench Group and developed it to ten factories in Brazil, Canada, 
Austria, Germany and China, with 3000 employees worldwide; so, Trench is now a part of 
Siemens Energy (Trench Group, 2021). 
This case study focuses on air-cooled coils manufactured by Trench Limited. Air Cooled 
coils are usually used in electricity transmission lines, and their primary function is to 
provide a high impedance at a particular frequency (Trench Group, 2021). 
Trench assembles many components to manufacture the coils: conductive spider arms, 
cables, aluminum and fiberglass end blocks, duct sticks, resin and paint, tuning packs, bird 
barriers and more components. Figure 24 shows some of Trench’s coils implemented to 
transmit electrical power. 
 




Figure 25 and 26 show air-cooled coils, introducing different components of it. This 
research will focus on VPI coils, a new technology for manufacturing coils that Trench has 
launched almost four years ago. Trench needs to build infrastructures to address the variety 
of its products before it is too late.  
Trench produces various VPI coils with differences in design and component parts. The 
coil shown in Figure 26 is an example of a coil variant exhibiting a different external 
design.  
 





Figure 26. Different Types of Air-cooled Coils of Trench Limited 
 
Figure 27 illustrates the product tree of air coils produced by Trench.  
 











3.5. Data Collection 
Figures 28 to 32 illustrate the IDEF0 function modelling of the manufacturing process for 
VPI coils at Trench. 
 
 





















Figure 32.IDEF0 Level1-NodeA0-Operation 16 to 17 
 
As shown in Figure 23, this research uses manufacturing data collected within the last year as 
inputs to subsequent analysis. This data is reliable and is managed using SAP software from 
which it is exported to Microsoft Excel. Sales orders were sorted vertically based on production 
date; then, the quantities for each order were added to calculate the total quantity ordered for 
the year. Work cells were listed horizontally to show cycle times. Evaluation of cycle times 
revealed a bottleneck in the winding procedure that has a meaningful difference with other 
work cells. Then all the data was transformed to PFA matrix, which contains only 0s and 1s. A 




After forming the PFA matrix, rank order clustering confirmed that winding is the primary 
criterion for group families. Subsequently, process and volume coefficients were calculated 
Within each cluster.  
Another analysis of this research is to check the learning progress based on the learning curve, 
see how we could learn from producing VPI coils during the last year in each product family, 
and decrease the operation time based on our learnings. The point is that creating the learning 
curve for the whole production would be meaningless as the products are engineered to order, 
and each product varies from the other one.  
3.6. Illustrative Example 
A small part extracted from the PFA matrix listed in Appendix 1 is shown in Figure 33. In this 
matrix, the main processes are shown in the horizontal axis, and the products are sorted in the 














The first column code is the orders; the second column is the number of packages (layers cable 
winded around the coil) as illustrated in Figure 34. The next column indicates the number of 
products that are produced in each order. 
 
Figure 34.Number of Packages (3 packages)-adopted from Trench coil manual 
Analyzing the learning curve for the whole VPI category would not be very reliable as the data 
varies from coil to coil and such analysis will not reveal any particular issue. All coils are 
custom made. Therefore, we should check the learning curves of similar products to see if we 
have learned. 
the learning curve of one-packaged coils as an illustration of this concept is shown in figure 
35. 
 













1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57










3.7. Possible Outcomes of The Analysis 
What one can expect from the analysis of this research is listed as below: 
- several possible product variants, 
- the characteristics and main features of each product family, 
- product families, 
- priorities of the product families based on manufacturing volumes of last year 
production, 
- the learning curve to analyze the learning progress for each product family. 
3.8. Conclusion 
This chapter introduced value stream mapping and learning curve as two different concepts to 
manage product variety and data validation of forming product families. A part of the PFA 
matrix was shown as an illustrative example as an introduction to the detailed analysis 





CHAPTER 4-RESULTS  
4.1. Overview 
This chapter discusses different product grouping scenarios based on value stream mapping to 
determine the best possible product family of air-cooled VPI coils produced by Trench Limited 
Canada. 
Examining the PFA Matrix listed in Appendix 1 shows that all manufacturing processes used 
are almost similar for each VPI coil produced. Therefore, distinguishing the variants would be 
related to factors that have the most negligible overlap and related to product features in some 
cases. 
In the end, this chapter will check each product family's learning curve to see how effective the 
learning is in the VPI technology and how much production time has been reduced. Besides, 
the learning curve will check all the product families' efficiency to ensure that this research is 
on the right track. 
4.2. Details of Analysis 
162 VPI orders (339 coils) were used to generate sample data for this research. The 
corresponding PFA matrix is presented in Appendix 1 In the following analysis, VSM is used 
to investigate all process steps and their sequences, their cycle times, process platform for 
products. Table 2 shows the process platform for all 162 sales orders. Each sales order can 







4.2.1. Finding process platform in manufacturing operations 




#of Missing in 
PFA 
1 Machining and CNC operations on spider arms 109 53 
2 Welding spiders (1) 135 27 
3 Blasting spiders 129 33 
4 Setup the coil into the mandrel 162 0 
5 Winding cables 162 0 
6 Inserting TAPS 40 122 
7 Unmounting the coil from mandrel 162 0 
8 Drying the coil 162 0 
9 Dipping into resin tank 162 0 
10 Curing the coil 162 0 
11 Cleaning the coil 162 0 
12 Welding coil accessories (2) 162 0 
13 Installing Tuning Packs 10 152 
14 Painting the coil 162 0 
15 Testing the coil 162 0 
16 Detailing the coil 162 0 
17 Installing Bird Barrier 13 149 
18 Skid Making 162 0 
19 QA 162 0 









- inserting TAPS, 
- installing tuning packs, 
- installing bird barriers. 
As different packages make the winding process repeat, this chapter will investigate the 
winding Process as well. 
There is one clear point in VSM about cycle time fluctuations which implies that there is waste 
occurring according to variety and non-standardized production. Tables 3,4,5, and 6 show 
these time fluctuations.  
4.2.2. Operation time analysis in all process steps 
 
This section investigates standard times of the operations based on time studies of the actual 
operation time, and the variance of these times between the 339 products made for the 162 























Machining and CNC operations on 
spider arms 
0.7 1.9 0.8 
2 Welding spiders (1) 1.98 1.96 1.4 
3 Blasting spiders 0.65 0.43 0.8 
4 Setup the coil into the mandrel 2.3 2 1.6 
5 Winding cables 8.2 13.7 10.3 
6 Inserting TAPS 2.3 1.5 1.9 
7 Unmounting the coil from mandrel 0.5 0.79 1 
8 Drying the coil 1.17 0.3 0.3 
9 Dipping into resin tank 0.33 0.8 2.1 
10 Curing the coil 0.64 0.3 0.2 
11 Cleaning the coil 2.03 2.5 6.3 
12 Welding coil accessories (2) 1.05 3.6 2.9 
13 Installing Tuning Packs 3 4.2 3.3 
14 Painting the coil 1.45 1.6 1.4 
15 Testing the coil 0.79 2.84 4.4 
16 Detailing the coil 0.48 4.2 3.3 
17 Installing Bird Barrier 1.4 0.84 1 
18 Skid Making 1.13 2 1.4 
19 QA 1.6 1.01 1.15 













Machining and CNC operations on 
spider arms 
0.79 1.73 0.3 
2 Welding spiders (1) 2.48 2.42 1.8 
3 Blasting spiders 1.04 1.34 1 
4 Setup the coil into the mandrel 2.77 2.77 2.2 
5 Winding cables 6.18 11.47 7.3 
6 Inserting TAPS 1.42 2.32 1.13 
7 Unmounting the coil from mandrel 0.72 1.03 0.7 
8 Drying the coil 1.17 0.5 0.35 
9 Dipping into resin tank 0.43 1.27 3.2 
10 Curing the coil 0.7 0.47 0.28 
11 Cleaning the coil 2.85 4.07 0.8 
12 Welding coil accessories (2) 1.35 5.5 4.2 
13 Installing Tuning Packs 2.6 4 0.5 
14 Painting the coil 1.78 1.9 1.28 
15 Testing the coil 1.45 3.42 2.85 
16 Detailing the coil 0.92 4.82 3.7 
17 Installing Bird Barrier 0.58 0.63 0.1 
18 Skid Making 1.46 2.42 1.83 
19 QA 0.5 1.21 0.7 














Machining and CNC operations on 
spider arms 
0.65 1.55 1.27 
2 Welding spiders (1) 1.51 1.81 1.17 
3 Blasting spiders 0.42 0.69 0.47 
4 Setup the coil into the mandrel 2 1.75 0.98 
5 Winding cables 6.79 11.93 6.37 
6 Inserting TAPS 3.32 1.62 1.27 
7 Unmounting the coil from mandrel 0.42 0.64 0.3 
8 Drying the coil 0.5 0.29 0.14 
9 Dipping into resin tank 0.27 0.56 0.30 
10 Curing the coil 0.6 0.29 0.13 
11 Cleaning the coil 1.23 1.58 0.85 
12 Welding coil accessories (2) 0.85 2.43 1.59 
13 Installing Tuning Packs 2.91 4.23 2.01 
14 Painting the coil 1.2 1.65 1.65 
15 Testing the coil 0.88 2.46 1.73 
16 Detailing the coil 0.82 3.53 2.87 
17 Installing Bird Barrier 1.42 0.95 0.58 
18 Skid Making 0.95 1.64 1.09 
19 QA 1.75 0.97 0.53 














Machining and CNC operations on 
spider arms 
0.66 2 2.1 
2 Welding spiders (1) 1.82 1.65 1 
3 Blasting spiders 0.43 0.8 0.5 
4 Setup the coil into the mandrel 2.14 1.6 1.14 
5 Winding cables 9.43 14.51 7.2 
6 Inserting TAPS 3.32 4.61 2.8 
7 Unmounting the coil from mandrel 0.43 0.66 0.5 
8 Drying the coil 0.5 0.29 0.14 
9 Dipping into resin tank 0.27 0.5 0.25 
10 Curing the coil 0.5 0.27 0.11 
11 Cleaning the coil 1.2 1.56 0.8 
12 Welding coil accessories (2) 1.3 3.15 2.9 
13 Installing Tuning Packs 3.82 4.45 1.25 
14 Painting the coil 1.28 1.65 1.32 
15 Testing the coil 0.79 2.75 2.2 
16 Detailing the coil 0.68 4.1 3.4 
17 Installing Bird Barrier 2 1.1 0.37 
18 Skid Making 0.92 1.46 0.65 
19 QA 1.75 0.77 0.58 




Previous tables proved that winding operation is the bottleneck of the manufacturing process. 
It will help see the work cells' data based on their winding operations or the number of winded 
packages in each coil which ROC calculations also support. A part of the ROC matrix presented 
in appendix two is shown in figure 36.  
4.3. Variant Analysis 
4.3.1. Cable winding operation 
According to ROC matrix shown in appendix 2, the winding operation is critical as different 
packages of the product add to the value product. Table 7 reveals how many coils are produced 












Table 7.Percentage of Production per Package 
# of packages #of produced coils % 
1 125 36.9% 
2 122 36% 
3 51 15% 
4 9 2.7% 
5 13 3.8% 
6 19 5.6% 
Sum 339 100% 
 
About 88% of the products have up to three packages as shown in table 7.  
4.3.2. Machining, welding and blasting operations 
These three operations are in series, and they should be done consecutively. So, the only way 
for production to do them is one after another, and operators, for example, cannot do the 
machining of a part without welding and blasting of it afterwards. This can be easily seen in 
PFA matrix. This is one issue should be kept in mind when trying to define product families.  
The aluminum bars are usually provided from suppliers, then machined to become raw spiders. 
However, sometimes, the company buys them prepared due to some internal issues, which 
mainly refer to lack of time to deliver the final product to the customers or lack of operations 
capacity.  
4.3.3. Installation of taps and tunning packs 
Taps and tunning packs are differentiating product features. A VPI coil could have either one 




product features and cannot be done simultaneously due to technical design and needs; and if 
one is installed, the other cannot be installed.  
4.3.4. Bird barrier installation 
This operation is also related to a product feature and is done based on customer demand, 
mainly in smaller coils. Because of the heat, many birds love to build their nests inside the coil, 
and this will cause an electric shock to the birds. This operation is not affected by other 
processes; so, it is one independent parameter in product families' grouping. 
4.3.5. Product variant identifications 
By considering all the items mentioned earlier, table 8 shows 72 product variants ready to be 
grouped. Numbers 0 and 1 represent if a factor exists in a product or not. The winding number 
indicates the number of packages, or in other words, the number of repeating the winding 
process. 





Machining Welding Blasting Winding Quantity 
1 0 0 0 1 1 1 1 54 
2 0 0 0 0 1 1 1 20 
3 0 0 0 0 0 1 1 0 
4 0 0 0 0 0 0 1 17 
5 1 0 0 1 1 1 1 0 
6 1 0 0 0 1 1 1 0 
7 1 0 0 0 0 1 1 0 
8 1 0 0 0 0 0 1 0 
9 0 1 0 1 1 1 1 31 
10 0 1 0 0 1 1 1 3 
11 0 1 0 0 0 1 1 0 
12 0 1 0 0 0 0 1 0 
13 0 0 1 1 1 1 1 0 
14 0 0 1 0 1 1 1 0 
15 0 0 1 0 0 1 1 0 








Machining Welding Blasting Winding Quantity 
17 1 0 1 1 1 1 1 0 
18 1 0 1 0 1 1 1 0 
19 1 0 1 0 0 1 1 0 
20 1 0 1 0 0 0 1 0 
21 0 1 1 1 1 1 1 0 
22 0 1 1 0 1 1 1 0 
23 0 1 1 0 0 1 1 0 
24 0 1 1 0 0 0 1 0 
25 0 0 0 1 1 1 2 48 
26 0 0 0 0 1 1 2 7 
27 0 0 0 0 0 1 2 0 
28 0 0 0 0 0 0 2 13 
29 1 0 0 1 1 1 2 0 
30 1 0 0 0 1 1 2 0 
31 1 0 0 0 0 1 2 0 
32 1 0 0 0 0 0 2 0 
33 0 1 0 1 1 1 2 34 
34 0 1 0 0 1 1 2 2 
35 0 1 0 0 0 1 2 0 
36 0 1 0 0 0 0 2 0 
37 0 0 1 1 1 1 2 0 
38 0 0 1 0 1 1 2 0 
39 0 0 1 0 0 1 2 0 
40 0 0 1 0 0 0 2 5 
41 1 0 1 1 1 1 2 11 
42 1 0 1 0 1 1 2 2 
43 1 0 1 0 0 1 2 0 
44 1 0 1 0 0 0 2 0 
45 0 1 1 1 1 1 2 0 
46 0 1 1 0 1 1 2 0 
47 0 1 1 0 0 1 2 0 
48 0 1 1 0 0 0 2 0 
49 0 0 0 1 1 1 3 29 
50 0 0 0 0 1 1 3 1 
51 0 0 0 0 0 1 3 0 
52 0 0 0 0 0 0 3 5 
53 1 0 0 1 1 1 3 0 
54 1 0 0 0 1 1 3 0 
55 1 0 0 0 0 1 3 0 
56 1 0 0 0 0 0 3 0 
57 0 1 0 1 1 1 3 14 
58 0 1 0 0 1 1 3 0 








Machining Welding Blasting Winding Quantity 
60 0 1 0 0 0 0 3 0 
61 0 0 1 1 1 1 3 0 
62 0 0 1 0 1 1 3 0 
63 0 0 1 0 0 1 3 0 
64 0 0 1 0 0 0 3 0 
65 1 0 1 1 1 1 3 2 
66 1 0 1 0 1 1 3 0 
67 1 0 1 0 0 1 3 0 
68 1 0 1 0 0 0 3 0 
69 0 1 1 1 1 1 3 0 
70 0 1 1 0 1 1 3 0 
71 0 1 1 0 0 1 3 0 
72 0 1 1 0 0 0 3 0 
4.4. Forming Product Families by Grouping Variants 
After describing the product variants, this research looks into different methodologies to create 
product families out of these variants. Many researchers are using similarity coefficients. These 
coefficients are utilized and developed for group technology in cellular manufacturing, and 
some others are used in reconfigurable manufacturing (Navaei & ElMaraghy, 2016). Since the 
operations are mostly similar, this research can use the operation similarity coefficient, which 
is explained in the next part.  
4.4.1. Operation similarity coefficient 
According to Navaei & ElMaraghy (2016), this coefficient is one of the popular formulas for 
grouping products based on operation similarity. That is also applicable to this case study. 
This part, will use Jaccard Similarity Coefficient, introduced by McAuley (McAuley, 1972). 




                0≤Ca, b ≤1 





In the above equation: 
"Ca, b" is the Jaccard coefficient between variant "a" and variant "b". 
"e" is the similar operations in variants "a" and "b". 
"f" is the operations that are in variant "a" but not in variant "b". 
“g" is the operations that are in variant "b" but not in the variant "a". 
For this analysis, a 2x2 matrix is formed, and the variants' coefficient is calculated. A brief of 
this matrix is shown in tables 11,12, and 13. 
4.4.2. Volume similarity 
Grouping variants with low and high relative volumes would lead to underutilization of the 
manufacturing system. In other words, grouping products with the same production volume 
can lead to a balanced workload and better utilization of the manufacturing system (Kashkoush 
& ElMaraghy, 2014). Table 9 shows which variants have a volume greater than 0. 
This research will use the coefficient for calculating this coefficient introduced by Galan, 




     0≤ Da, b ≤1 
Equation 2.Volume Coefficient       
As many product variants do not have any volume, this coefficient is calculated for the 
variants with a volume greater than 0.  
In this formula: 
- D a, b= volume similarity coefficient between a and b 
- da = volume of variant a 
- db = volume of variant b 
- dmax = maximum volume throughout the whole variants 











Machining Welding Blasting Winding Quantity 
1 0 0 0 1 1 1 1 54 
2 0 0 0 0 1 1 1 20 
4 0 0 0 0 0 0 1 17 
9 0 1 0 1 1 1 1 31 
10 0 1 0 0 1 1 1 3 
25 0 0 0 1 1 1 2 48 
26 0 0 0 0 1 1 2 7 
28 0 0 0 0 0 0 2 13 
33 0 1 0 1 1 1 2 34 
34 0 1 0 0 1 1 2 2 
40 0 0 1 0 0 0 2 5 
41 1 0 1 1 1 1 2 11 
42 1 0 1 0 1 1 2 2 
49 0 0 0 1 1 1 3 29 
50 0 0 0 0 1 1 3 1 
52 0 0 0 0 0 0 3 5 
57 0 1 0 1 1 1 3 14 
65 1 0 1 1 1 1 3 2 
 
For this analysis, also a matrix is formed to calculate this coefficient which is shown in table 
10. Because the winding operation is critical, this research considers the variants' volume 














Table 10.Volume Coefficient between different variants 
 
 
 1 2 4 9 10 25 26 28 33 34 40 41 42 49 50 52 57 65 
1  0.36 0.30 0.57 0.04 0.89 0.11 0.23 0.62 0.02 0.08 0.19 0.02 0.53 0.00 0.08 0.25 0.02 
2   0.94 0.79 0.68 0.47 0.75 0.87 0.74 0.66 0.72 0.83 0.66 0.83 0.64 0.72 0.89 0.66 
4    0.74 0.74 0.42 0.81 0.92 0.68 0.72 0.77 0.89 0.72 0.77 0.70 0.77 0.94 0.72 
9     0.47 0.68 0.55 0.66 0.94 0.45 0.51 0.62 0.45 0.96 0.43 0.51 0.68 0.45 
10      0.15 0.92 0.81 0.42 0.98 0.96 0.85 0.98 0.51 0.96 0.96 0.79 0.98 
25       0.23 0.34 0.74 0.13 0.19 0.30 0.13 0.64 0.11 0.19 0.36 0.13 
26        0.89 0.49 0.91 0.96 0.92 0.91 0.58 0.89 0.96 0.87 0.91 
28         0.60 0.79 0.85 0.96 0.79 0.70 0.77 0.85 0.98 0.79 
33          0.40 0.45 0.57 0.40 0.91 0.38 0.45 0.62 0.40 
34           0.94 0.83 1.00 0.49 0.98 0.94 0.77 1.00 
40            0.89 0.94 0.55 0.92 1.00 0.83 0.94 
41             0.83 0.66 0.81 0.89 0.94 0.83 
42              0.49 0.98 0.94 0.77 1.00 
49               0.47 0.55 0.72 0.49 
50                0.92 0.75 0.98 
52                 0.83 0.94 
57                  0.77 





Table 11.Operation Similarity Coefficient between different variants for one-packaged Coils 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Max 
Coefficient 
1   0.60 0.50 0.33 0.33 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.14 0.23 0.17 0.09 0.25 0.23 0.17 0.09 0.60 
 
2     0.50 0.33 0.20 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.11 0.33 0.17 0.09 0.20 0.33 0.17 0.09 
0.50 
3       0.33 0.14 0.17 0.25 0.33 0.25 0.17 0.25 0.33 0.25 0.17 0.25 0.33 0.09 0.13 0.17 0.20 0.17 0.13 0.17 0.20 
0.33 
4         0.11 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.08 0.11 0.14 0.20 0.14 0.11 0.14 0.20 
0.33 
5           0.67 0.60 0.50 0.20 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.20 0.40 0.33 0.25 0.11 0.23 0.17 0.09 
0.67 
6             0.60 0.50 0.14 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.14 0.56 0.33 0.25 0.09 0.33 0.17 0.09 
0.60 
7               0.50 0.11 0.27 0.43 0.14 0.25 0.27 0.43 0.14 0.11 0.33 0.50 0.25 0.08 0.20 0.27 0.09 
0.50 
8                 0.09 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.09 0.20 0.27 0.43 0.07 0.11 0.14 0.20 
0.43 
9                   0.67 0.60 0.50 0.20 0.33 0.25 0.14 0.14 0.23 0.17 0.09 0.33 0.40 0.33 0.25 
0.67 
10                     0.60 0.50 0.14 0.50 0.25 0.14 0.11 0.33 0.17 0.09 0.25 0.56 0.33 0.25 
0.60 
11                       0.50 0.11 0.27 0.43 0.14 0.09 0.20 0.27 0.09 0.20 0.33 0.50 0.25 
0.50 
12                         0.09 0.14 0.20 0.33 0.08 0.11 0.14 0.20 0.17 0.20 0.27 0.43 
0.43 
13                           0.67 0.60 0.50 0.50 0.40 0.33 0.25 0.60 0.40 0.33 0.25 
0.67 
14                             0.60 0.50 0.33 0.56 0.33 0.25 0.43 0.56 0.33 0.25 
0.60 
15                               0.50 0.25 0.33 0.50 0.25 0.33 0.33 0.50 0.25 
0.50 
16                                 0.20 0.20 0.27 0.43 0.27 0.20 0.27 0.43 
0.43 
17                                   0.71 0.67 0.60 0.33 0.40 0.33 0.25 
0.71 
18                                     0.67 0.60 0.25 0.56 0.33 0.25 
0.67 
19                                       0.60 0.20 0.33 0.50 0.25 
0.60 
20                                         0.17 0.20 0.27 0.43 
0.43 
21                                           0.71 0.67 0.60 
0.71 
22                                             0.67 0.60 
0.67 
23                                               0.60 
0.60 














Table 12.Operation Similarity Coefficient between different variants for two-packaged Coils  
 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 
Max 
Coefficient 
25   0.60 0.50 0.33 0.33 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.14 0.23 0.17 0.09 0.25 0.23 0.17 0.09 0.60 
26     0.50 0.33 0.20 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.11 0.33 0.17 0.09 0.20 0.33 0.17 0.09 0.50 
27       0.33 0.14 0.27 0.43 0.14 0.25 0.27 0.43 0.14 0.25 0.27 0.43 0.14 0.09 0.20 0.27 0.09 0.17 0.20 0.27 0.09 0.43 
28         0.11 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.08 0.11 0.14 0.20 0.14 0.11 0.14 0.20 0.33 
29           0.67 0.60 0.50 0.20 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.20 0.40 0.33 0.25 0.11 0.23 0.17 0.09 0.67 
30             0.60 0.50 0.14 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.14 0.56 0.33 0.25 0.09 0.33 0.17 0.09 0.60 
31               0.50 0.11 0.27 0.43 0.14 0.25 0.27 0.43 0.14 0.11 0.33 0.50 0.25 0.08 0.20 0.27 0.09 0.50 
32                 0.09 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.09 0.20 0.27 0.43 0.07 0.11 0.14 0.20 0.43 
33                   0.67 0.60 0.50 0.20 0.33 0.25 0.14 0.14 0.23 0.17 0.09 0.33 0.40 0.33 0.25 0.67 
34                     0.60 0.50 0.14 0.50 0.25 0.14 0.11 0.33 0.17 0.09 0.25 0.56 0.33 0.25 0.60 
35                       0.50 0.14 0.50 0.25 0.14 0.11 0.33 0.17 0.09 0.25 0.56 0.33 0.25 0.56 
36                         0.09 0.14 0.20 0.33 0.08 0.11 0.14 0.20 0.17 0.20 0.27 0.43 0.43 
37                           0.67 0.60 0.50 0.50 0.40 0.33 0.25 0.60 0.40 0.33 0.25 0.67 
38                             0.60 0.50 0.33 0.56 0.33 0.25 0.43 0.56 0.33 0.25 0.60 
39                               0.50 0.25 0.33 0.50 0.25 0.33 0.33 0.50 0.25 0.50 
40                                 0.20 0.20 0.27 0.43 0.27 0.20 0.27 0.43 0.43 
41                                   0.71 0.67 0.60 0.33 0.40 0.33 0.25 0.71 
42                                     0.67 0.60 0.25 0.56 0.33 0.25 0.67 
43                                       0.60 0.20 0.33 0.50 0.25 0.60 
44                                         0.17 0.20 0.27 0.43 0.43 
45                                           0.71 0.67 0.60 0.71 
46                                             0.67 0.60 0.67 
47                                               0.60 0.60 















Table 13.Operation Similarity Coefficient between different variants for three-packaged Coils 
  49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 
Max 
Coefficient 
49   0.60 0.50 0.33 0.33 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.14 0.23 0.17 0.09 0.25 0.23 0.17 0.09 0.60 
50     0.50 0.33 0.20 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.11 0.33 0.17 0.09 0.20 0.33 0.17 0.09 0.50 
51       0.33 0.14 0.27 0.43 0.14 0.25 0.27 0.43 0.14 0.25 0.27 0.43 0.14 0.09 0.20 0.27 0.09 0.17 0.20 0.27 0.09 0.43 
52         0.11 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.08 0.11 0.14 0.20 0.14 0.11 0.14 0.20 0.33 
53           0.67 0.60 0.50 0.20 0.33 0.25 0.14 0.50 0.33 0.25 0.14 0.20 0.40 0.33 0.25 0.11 0.23 0.17 0.09 0.67 
54             0.60 0.50 0.14 0.50 0.25 0.14 0.33 0.50 0.25 0.14 0.14 0.56 0.33 0.25 0.09 0.33 0.17 0.09 0.60 
55               0.50 0.11 0.27 0.43 0.14 0.25 0.27 0.43 0.14 0.11 0.33 0.50 0.25 0.08 0.20 0.27 0.09 0.50 
56                 0.09 0.14 0.20 0.33 0.20 0.14 0.20 0.33 0.09 0.20 0.27 0.43 0.07 0.11 0.14 0.20 0.43 
57                   0.67 0.60 0.50 0.20 0.33 0.25 0.14 0.14 0.23 0.17 0.09 0.33 0.40 0.33 0.25 0.67 
58                     0.60 0.50 0.14 0.50 0.25 0.14 0.11 0.33 0.17 0.09 0.25 0.56 0.33 0.25 0.60 
59                       0.50 0.11 0.27 0.43 0.14 0.09 0.20 0.27 0.09 0.20 0.33 0.50 0.25 0.50 
60                         0.09 0.14 0.20 0.33 0.08 0.11 0.14 0.20 0.17 0.20 0.27 0.43 0.43 
61                           0.67 0.60 0.50 0.50 0.40 0.33 0.25 0.60 0.40 0.33 0.25 0.67 
62                             0.60 0.50 0.33 0.56 0.33 0.25 0.43 0.56 0.33 0.25 0.60 
63                               0.50 0.25 0.33 0.50 0.25 0.33 0.33 0.50 0.25 0.50 
64                                 0.20 0.20 0.27 0.43 0.27 0.20 0.27 0.43 0.43 
65                                   0.71 0.67 0.60 0.33 0.40 0.33 0.25 0.71 
66                                     0.67 0.60 0.25 0.56 0.33 0.25 0.67 
67                                       0.60 0.20 0.33 0.50 0.25 0.60 
68                                         0.17 0.20 0.27 0.43 0.43 
69                                           0.71 0.67 0.60 0.71 
70                                             0.67 0.60 0.67 
71                                               0.60 0.60 






4.5. Product Families 
So far, chapter 4 revealed seven factors creating product variants. After calculating the 
coefficients' results, this research decided that the product families are better to be made within 
the exact winding operation repetition. 
Considering all calculations, this part reveals the product families in table 14 based on 
operation similarity coefficient and volume similarity coefficient in each package. Although 
some variants have not been produced so far, there is a possibility for Trench to manufacture 
them.  
Table 14.Product Families 
Package Number Family number 
Variants in each Product 
Family 






1 4 17 
2 1,2,3,9,13 105 
3 5,6,7,8 0 
4 10,11,12 3 
5 14,15,16 0 
6 17,18,19,20 0 
7 21,22,23,24 0 
Two-Packaged 
Coils 
8 28,32 13 
9 25,26,27,33,37 89 
10 29,30,31 0 
11 34,35,36 2 
12 38,39,40 5 
13 41,42,43,44 13 
14 45,46,47,48 0 
Three-Packaged 
Coils 
15 49,50,51,61 30 
16 52 5 
17 53,54,55,56 0 
18 57,58,59,60 14 
19 62,63,64 0 
20 65,66,67,68 2 





4.6. Learning Curve Analysis of Product Families 
This research analyzes product families using learning curves to see how effective 
manufacturers are in shortening the cycle times and doing the manufacturing process faster. 
Based on table 14, the number of products is not enough in all families to make a meaningful 
learning curve. So, the only possible learning curves relate to the families who are at least 
above a certain size. This part shows three learning curves for each family with the most 




Figure 37.Learning Curve for one-packaged coils 
 
Usually, the learning curves are represented by equation 4-3. 
𝑌 = 𝑎𝑥−𝑏 
Equation 3. Learning Curve Equation 
 
In figure 37, trendline element "a" equals 12.61, and "b" equals -0.406, which shows that 
learning is happening with a very gentle slope. However, some products are produced in a very 
high cycle time, which shows our manufacturing is not thoroughly stable yet. Figures 38 and 



















learning curve slope is even gentler in two and three packaged coils. This gentle slope might 















































CHAPTER 5-DISCUSSION AND CONCLUSION 
5.1. Discussion and Overview 
This research has introduced a new methodology for grouping products concerning main 
concepts of value stream maps. This methodology was compared to other product grouping 
methods and focused on both process and design characteristics. This study results and its 
recommendations will help the manufacturer schedule the products of the same family in 
consecutive sales orders to obtain the most benefits of the flexibility and capabilities of 
manufacturing. This will result in cost reduction in production and inventory, improve the 
learning curve and increase responsiveness to customer demand by delivering quality products 
with optimized costs in the shortest time due to production stability. This methodology will 
also assist the manufacturer in managing the product variety and variant assemblies by 
decreasing their lead times, meeting customer delivery dates and supply chain management 
limitations.  
Furthermore, this methodology will increase the company’s remunerations by eliminating 
wastes and waiting time due to mis-managed product variety. If the same family’s products are 
processed consecutively, the waiting time for the parts to arrive and be prepared will decrease 
to a minimum. Looking through all the results will prove that the research thesis hypothesis 
that VSM is a methodology to group product families.  
5.2. Applicability of Value Stream Maps for Product Grouping 
This product grouping methodology applies to highly customized products and manufacturing 
systems with similar processes or designs, particularly Engineer-to-order. This methodology 
can better cover similar processes since design differences may show themselves in parts or 




cycle time, production volume, inventory and more. Each of these criteria can be used in steps 
for grouping the products.  
5.3. Conclusion 
Customer demands are everchanging, and one way to satisfy customers is to offer them various 
products. This will be beneficial for manufacturers to keep or increase their market share. Mass 
customization and Engineer-to-order are strategies and methodologies that manufacturers can 
follow to satisfy market demand. While there are benefits to have various products, it is better 
not to neglect the downsides of having too much variety. The variety will come to a cost of 
inventory, change-over and setup time, leading to longer cycle times, probably more machines 
and more labor hours. Manufacturers have to manage their variety as it would be highly costly. 
One practical approach to manage variety would be forming product families and using value 
stream maps as a methodology to shape product families.   
This research focused on forming product families by using value stream maps and used 
learning curves to validate the effectiveness of formed product families formed by value stream 
maps.  IDEF0 cleared the research roadmap, and process flow analysis helped establish an 
established relevant process platform. Rank order clustering proved the value stream maps the 
concept of added value in operation processes, and then the product variants were analyzed to 
form product families. In the end, the product families with bigger sample sizes were evaluated 
by learning curves. The outcomes of this research show that VSM is an effective methodology 
in grouping products, and the learning curves shown in chapter 4 are valid evidence of the 







5.4. Recommendations for Future Work 
Future work may include applying value stream maps on the manufacturing systems where the 
product design is more similar than the corresponding production processes. Moreover, future 
works may focus on other aspects of value stream maps, like process planning and inventory 
in managing product variety. Finally, future works may connect the product platforms and 
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1 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
2 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
3 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
4 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
5 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
6 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
7 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
8 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
9 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
10 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
11 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
12 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
13 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
14 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
15 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
16 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
17 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
18 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
19 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
20 1 3 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
21 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
22 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
23 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
24 1 3 0 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
25 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
26 1 9 1 1 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
27 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
28 1 6 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
29 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
30 1 6 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 















































































32 1 2 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
33 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
34 1 3 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
35 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
36 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
37 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
38 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
39 1 2 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
40 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
41 1 3 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
42 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
43 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
44 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
45 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
46 1 4 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
47 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
48 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
49 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
50 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
51 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
52 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
53 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
54 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
55 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
56 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
57 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
58 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
59 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
60 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
61 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
62 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
63 2 3 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
64 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
65 2 2 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
66 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
67 2 9 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
68 2 1 0     1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
69 2 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
70 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
71 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 















































































73 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
74 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
75 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
76 2 3 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
77 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
78 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
79 2 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
80 2 2 0 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
81 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
82 2 1 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
83 2 2 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
84 2 2 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
85 2 6 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
86 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
87 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
88 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
89 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
90 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
91 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
92 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
93 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
94 2 6 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
95 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
96 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
97 2 2 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
98 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
99 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
100 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
101 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
102 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
103 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
104 2 1 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
105 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
106 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
107 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
108 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
109 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
110 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
111 2 2 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
112 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 















































































114 2 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
115 2 1 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
116 2 2 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
117 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
118 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
119 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
120 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
121 3 1 0 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
122 3 1 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
123 3 1 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
124 3 3 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
125 3 3 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
126 3 3 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
127 3 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
128 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
129 3 6 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
130 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
131 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
132 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
133 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
134 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
135 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
136 3 4 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
137 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
138 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
139 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
140 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
141 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
142 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
143 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
144 3 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
145 3 1 0 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
146 4 3 1 1 0 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
147 4 3 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
148 4 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
149 4 2 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
150 5 6 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
151 5 3 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
152 5 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
153 5 3 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 















































































155 6 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
156 6 3 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
157 6 3 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
158 6 3 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
159 6 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
160 6 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
161 6 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 
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BB Skid QA Crate Cluster 
 
2 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
5 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
8 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
10 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
13 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
18 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
19 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
20 1 3 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
21 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
22 1 2 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
23 1 1 0 0 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3161975  
66 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3686263  
67 2 9 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3686263  
68 2 1 0     1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3686263  
70 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3686263  
71 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3686263  
72 2 1 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3686263  
73 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3686263  
62 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 3686271  
63 2 3 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 3686271  
64 2 2 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 1 1 3686271  
122 3 1 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3948407  
123 3 1 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3948407  
124 3 3 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 3948407  
154 6 3 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 4177783  
155 6 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 4177783  
156 6 3 0 0 0 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 4177783  
1 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
3 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
4 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
6 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
7 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
9 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
11 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
12 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
14 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  













































BB Skid QA Crate Cluster  
16 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
17 1 2 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
25 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
27 1 1 0 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15744887  
24 1 3 0 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 15761271  
65 2 2 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16269175  
69 2 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16269175  
76 2 3 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16269175  
79 2 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16269175  
113 2 4 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16269175  
114 2 1 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 16269311  
116 2 2 0 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 16269311  
80 2 2 0 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16285559  
121 3 1 0 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16531319  
145 3 1 0 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 16531455  
150 5 6 0 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 16727927  
26 1 9 1 1 0 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 28327799  
82 2 1 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 28852087  
97 2 2 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 28852223  
104 2 1 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 28852223  
115 2 1 1 1 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 28852223  
146 4 3 1 1 0 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 29245303  
29 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
31 1 6 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
35 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
37 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
38 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
40 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
42 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
43 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
44 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
47 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
48 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
49 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
50 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
52 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
53 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
54 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
55 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
56 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  













































BB Skid QA Crate Cluster  
58 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
59 1 3 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
61 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32522103  
28 1 6 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
30 1 6 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
32 1 2 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
33 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
34 1 3 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
36 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
39 1 2 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
41 1 3 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
45 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
46 1 4 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
51 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
60 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 32538487  
74 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
75 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
81 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
86 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
88 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
89 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
91 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
92 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
99 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
100 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
102 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
105 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
106 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
109 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
112 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
117 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
119 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
120 2 3 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33046391  
93 2 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 33046527  
95 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 33046527  
96 2 2 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 33046527  
77 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
78 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
83 2 2 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  













































BB Skid QA Crate Cluster  
85 2 6 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
87 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
90 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
94 2 6 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
98 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
101 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
103 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
107 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
108 2 3 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
110 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
111 2 2 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
118 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33062775  
127 3 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
128 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
129 3 6 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
130 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
131 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
132 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
137 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
138 3 3 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
139 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
140 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
142 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
144 3 2 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33308535  
141 3 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 33308671  
125 3 3 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33324919  
126 3 3 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33324919  
133 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33324919  
134 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33324919  
135 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33324919  
136 3 4 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33324919  
143 3 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33324919  
148 4 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33439607  
147 4 3 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33455991  
149 4 2 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33455991  
151 5 3 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33505143  
152 5 1 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33505143  
153 5 3 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33505143  
157 6 3 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33537911  
158 6 3 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33537911  
159 6 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1 1 1 33537911  













































BB Skid QA Crate Cluster  
162 6 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1   1 1 1 0 1 1 1 33537911  
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